The forearm rotation changes sensory inputs to the central nervous system, thereby providing orientation of the hand for grasping an object. Electrical activities of the muscles, induced by transcranial magnetic stimulation to the brain, i.e., motor evoked potentials (MEPs), are used for estimation of the excitability of motor neurons in the brain and spinal cord. It is well known that rotational positioning of the forearm influences MEPs of forearm muscles through modulation of excitability in the central nervous system. In the present study, we investigated whether such a posture-dependent change of MEPs could be found in upper arm and intrinsic hand muscles at three different rotational forearm positions: the most internal (pronation), neutral, and most external (supination) positions of rotation. MEPs were simultaneously recorded from the four muscles, biceps brachii (BB), triceps brachii (TB), abductor digiti minimi (ADM), and abductor pollicis brevis (AbPB). MEP amplitudes and latencies in BB, TB and ADM were significantly larger and shorter, respectively, in supination compared to the values in other positions. By contrast, MEP of AbPB in supination was lower in amplitude and longer in latency. Importantly, muscle lengths of TB, ADM and AbPB are constant in any rotational forearm positions, excluding the possibility of the muscle-length dependent change of spinal reflex. Therefore, these results might be attributable to the posture-dependent modulation of the motor cortex activity for the upper limb. The motor cortex probably changes the control strategy for the upper limb muscles in accordance with the sensory input from the forearm. motor evoked potentials; forearm rotation; hand and arm; motor cortex; α -motoneuron
The function of the hand is achieved by the coordinated movements of wrist, forearm, elbow and shoulder (Paulignan et al. 1990; Chieffi and Gentilucci 1993; Kalaska et al. 1997; Ginanneschi et al. 2005 Ginanneschi et al. , 2006 . Coordinated muscle contraction of the whole upper limb is required for transportation of the hand to the target object by proximal joints and for manipulation of the hand for target tasks by distal joints (Scott 2000) .
The forearm rotation, supination/pronation, ly. In the present study, we recorded MEPs from the arm and intrinsic hand muscles, biceps brachii (BB), triceps brachii (TB), ADM and abductor pollicis brevis (AbPB), simultaneously at three different forearm rotational positions and investigated how such a forearm position change affects the proximal and distal portions in the same upper extremity. The purpose of this study is to investigate MEP changes of the arm and intrinsic hand muscles, BB, TB, ADM and AbPB, in different rotational forearm positions and to discuss the mechanism of the MEP changes.
MATERIALS AND METHODS

Subjects
Eight healthy subjects (one man and seven women) participated in this study. Their age ranged from 24 to 47 years old (30.75 ± 7.95: mean ± S.D.). They were seated comfortably on a chair with both forearms placed on the table and the experiment was performed with their dominant (right) arm. The joint positions of the upper limb were 0 degree of shoulder flexion, 90 degrees of elbow flexion, and 0 degree of wrist flexion (Fig. 1A) . Joint angles of the wrist and fingers were fixed at 0 degree with plates as shown in Fig. 1B for keeping the joint angles constant in any forearm positions.
Transcranial magnetic stimulation (TMS) procedure
TMS was applied to all subjects 6 times in each forearm position and total of 18 times tests (6 times × 3 positions) was performed for each subject. They were asked to change the static forearm positions by themselves before every test was performed. Since the forearm position was easily kept without any effort by the plates attached at the wrist and fingers, the examiner directed all the subjects to make their arm relaxed after finishing the position change. The interval between the tests was set at more than 5 sec and TMS was applied after confirming no obvious background electromyogram (EMG) signals in each recording site.
A magnetic stimulator (Magstim200, Magstim Co., Ltd., Whitland, UK) and a circular coil were used for TMS. The coil was held over the scalp with a fixing device (Fig. 1A) . Center of the coil was positioned at Cz as defined by international 10-20 system for electroencephalogram. This coil position was maintained throughout all TMS trials. The direction of stimulus current was provides orientation of the hands to assume for grasping an object through space, e.g. carrying an object to the mouth, and play an essential role in all actions of the hand (Kapandji 1982) . This implies that the superior and inferior radio-ulnar joints keep the synergistic relationship with the joints apart from these forearm joints. We have described that motor evoked potential (MEPs) of the extensor carpi radialis longus (ECRL) during maximum isometric wrist extension were predominantly changed in supination and pronation rather than the wrist extension and flexion (Oyama 2001) . This suggests that rotational forearm positions are closely related to prehension tasks of the hand through modulation of wrist extensor activities. It has been also ascertained in our previous studies that H-waves of ECRL are constant in any rotational positions of the forearm (Oyama 2001; Oyama et al. 2004) . Therefore it seems likely that sensory inputs to the central nervous system originated from the muscles or joints related to forearm rotation mainly modulate the excitability of the motor cortex neurons distributing wrist extensors and flexors. On the other hand, the intrinsic hand muscle, abductor digiti minimi (ADM) showed changes in F-and H-wave amplitudes and intracortical facilitation (ICF) in the static shoulder positions of horizontal abduction-adduction (Ginanneschi et al. 2005) . This indicates that shoulder positions simultaneously influence the excitability of corticomotor neurons of ADM both in the motor cortex and spinal cord.
Especially in the upper extremity, it has been experimentally revealed that position change of a joint apart from another joint on which a target muscle attaches affects the activity of the target muscle. Position change of a joint might modulates the excitability of some motor neurons in the cerebral cortex. Though there are some reports discussing the relation between position change of a joint and MEP change, the muscles positioned proximal and distal from the joint handled have not been targeted to measure their MEPs simultaneously. Therefore it is unclear how the position change that alters afferent input from a joint influences on multiple motor neurons dominating an upper extremity temporally and spatial-anticlockwise to elicit MEP of right side muscles. The stimulus output was set at 60% of the maximal power of this device. In order to induce MEPs from multiple target muscles simultaneously by single TMS trial, TMS was set to a constant stimulation intensity sufficient for inducing MEPs with amplitudes more than 50 μ V from all of the target muscles in every forearm positions in each subject. In this condition, objective comparison of MEP amplitudes and latencies in different forearm positions could be accomplished.
Recording
Surface EMG was used for MEP recording. Surface bipolar electrodes made of silver-silver chloride (NF-50K, NEC Medical, Tokyo) were placed over BB, TB, AbPB, and ADM and an indifferent electrode was placed on the olecranon (Fig. 2) . Diameter of the electrode was 10 mm and distance between bipolar electrodes was 10 mm. The bipolar electrodes were placed according to the definition of the International Society of Electrophysiology and Kinesiology (Standards for Reporting EMG Data. Journal of Electrophysiology and Kinesiology 1999; 9, 1, III-IV). MEPs of four muscles were recorded at the same time.
Measurements and statistical analysis
The EMG signals were amplified with an EMG amplifier system (BIOTOP6R12, NEC San-Ei, Tokyo) with a band-pass filter from 20 Hz to 3,000 Hz. Then the signals were digitized at 2 kHz with a digitizer (AD12- tion in each muscle were averaged. The Wilcoxon signed-rank test was used to compare the amplitude and latency in each forearm position.
Informed consent for this study was obtained from all subjects prior to experiment and ethical approval for this study was obtained from the Ethics Committee of Tohoku University. Fig. 3 shows an example of MEPs of four muscles evoked by TMS in three forearm positions in one subject. In AbPB, peak to peak amplitude of MEP (MEPp-p) was the highest in supination and the lowest in pronation. MEP latencies increased through forearm positioning in serial order from pronation to supination. By contrast, BB and TB showed a sequential increase in MEPp-p together through the forearm positioning from pronation to supination. MEPp-p of ADM was also the highest in supination as BB and TB. MEP latencies of BB, TB and ADM were prolonged by forearm positioning from supination to pronation. All of the subjects showed same tendency of the change of MEP in each muscle.
RESULTS
MEP responses of BB averaged from 8 subjects were shown as box plots in Fig. 4 . The mean amplitudes of MEP in supination, neutral position and pronation were 952.8 μ V, 559.0 μ V, and 289.1 μ V, respectively (Fig. 4A) . The mean latencies of MEP in supination neutral position and pronation were 11.3 msec, 12.4 msec and 13.5 msec, respectively (Fig. 4B) . The MEP amplitude increased and its latency decreased in order from pronation to supination (Fig. 4A, B) . A statistically significant differences were observed between supination and pronation and between neutral position and pronation for MEP amplitudes ( p < 0.05), and between supination and pronation for latencies ( p < 0.01). Fig. 5 shows MEP changes of TB in three rotational forearm positions. The mean amplitudes of MEP in supination, neutral position and pronation were 177.1 μ V, 150.5 μ V, and 134.5 μ V, respectively (Fig. 5A) . The mean latencies of MEP in supination neutral position and pronation were 14.5 msec, 15.7 msec and 16.0 msec, respectively (Fig. 5B) . Although the TB muscle is an antagonist of BB, changes in MEP amplitude and latency in order from supination to pronation were the same as those of BB as shown in Fig.  5A , B. Statistically significant differences were seen between supination and pronation ( p < 0.05) and between neutral position and pronation ( p < nation (Fig. 6A, B) . This MEP changing pattern in ADM was similar to that in BB and TB. Statistically significant differences were seen between supination and pronation ( p < 0.05) and between neutral position and supination ( p < 0.05) for MEP amplitudes, and between supination and pronation ( p < 0.05) for latencies.
As shown in Fig. 7 , the mean amplitudes of MEP in supination, neutral position and pronation were 577.5 μ V, 584.3 μ V and 665.3 μ V, respectively (Fig. 7A) . The MEP of AbPB amplitudes tended to be larger in pronation while smaller in supination though no significant difference was found among three positions. The mean latencies A B of MEP in supination, neutral position and pronation were 20.6 msec, 19.9 msec and 19.6 msec, respectively (Fig. 7B) . The MEP latency was the shortest in pronation and a significant difference was observed between pronation and supination ( p < 0.05). This change of MEP parameters is the inverse of the changes in BB and TB.
DISCUSSION
In the present study, we showed that MEP amplitudes and latencies of two upper arm muscles, BB and TB, and two intrinsic hand muscles, ADM and AbPB, varied in a manner coincided with three forearm positions. MEPs of BB, TB and ADM became larger in amplitude and shorter in latency as the angle of external rotation increased. By contrast, MEP amplitudes of AbPB tended to increase and the latencies decreased as rotating the forearm externally. In the MEP study, it was commonly found that larger MEP amplitude is accompanied by shorter MEP latency (Rossini et al. 1944) .
Muscle length of BB decreases as the forearm supinates because its insertion rotates around the ulna from back to front of the forearm through supination. Reduction of muscle length usually causes a decrease in afferent activities from the muscle spindle (Burke et al. 1979 ) and thus a decrease in excitability of the α -motor neurons of that muscle. MEP amplitudes of BB, however, increased during supination in spite of a decrease in muscle length. Since BB acts as supinator in addition to elbow flexor, the forearm position in supination might raise the excitability of the corticospinal neurons and/or α -motor neurons of BB. Static rotational positioning showed the same MEP changing pattern in the BB and TB muscles. TB, the antagonist of BB, does not show any change in its length in any forearm positions when the elbow is fixed at 90 degrees flexion. This implies that MEP amplitudes of TB are not influenced by reciprocal inhibition from BB as well as muscle length. Therefore, these MEPs changes in TB might not be explained by the spinal reflex mechanism.
MEP amplitudes of ADM showed the maximum at supination and minimum at pronation. In AbPB, MEP amplitude tended to be larger in pronation than the other forearm positions, while MEP latency was significantly shorter in pronation. This may suggest the existence of antagonism between these two muscles in relation to rotational positioning of the forearm. Our previous results using intramuscular recordings showed that MEP amplitudes of ECRL were the largest in pronation at the same limb posture as that in the present study. This may indicate that wrist extension and flexion are synergistically linked with pronation and supination of the forearm (Oyama 2001; Oyama et al. 2004 ). Thus, ADM may act as a synergist with the wrist flexors. On the other hand, MEP of ECR was significantly higher and lower at the static horizontal shoulder adduction and abduction, respectively (Ginanneschi et al. 2006) . In addition, MEP of ADM was higher at the static horizontal shoulder adduction (Ginanneschi et al. 2005) . This indicates that ADM and the wrist extensor, ECR, are synergistically coupled at the positions of horizontal shoulder adduction/abduction. The discrepancy between former and latter findings in synergism between ECR and ADM may be due to differences of shoulder positions, and thus, to the differences of hand positions in space.
We have additionally examined in the previous study that H-waves of ECRL are almost constant in any rotational forearm positions though MEP parameters of ECRL changed by this rotation (Oyama et al. 2004) . Ginanneschi et al. (2006) has also reported that no difference in H-wave of a wrist flexor, the flexor carpi radialis was observed between horizontal abduction and adduction of the shoulder. Thus, afferent group Ia signals from muscles causing forearm rotation and shoulder abduction/adduction may not affect the excitability of motor neurons distributing the wrist muscles at spinal level. By contrast, amplitudes of F-and H-waves of the hand muscle, ADM, were altered by static shoulder abduction and adduction. In addition, a significant decrease in ICF using paired-magnetic stimulation paradigm was elicited after changing shoulder position from horizontal adduction to abduction while intracortical inhibition was never observed. These findings suggest that afferent volleys from the shoulder influence corticomotor excitability of the hand both at spinal and cortical levels (Ginanneschi et al. 2005) .
It has been pointed out that MEP of both proximal and distal muscles of the upper limb is modulated in relation to the degree of control requested by the task (Schieppati et al. 1996) . It has been postulated that movement control in motor cortex might be organized in terms of behaviourally useful actions aimed toward a goal posture (Scott 2000) . It is also proposed that simplified global control strategy in the motor cortex may realize coordination of the shoulder, wrist and hand for reaching movement to spatial targets and manual prehension of an object (Scott 2000; Mason et al. 2002) . The present study was conducted at the fixed joint angles of the shoulder, elbow and wrist. Therefore, the global control paradigm for the hand and arm may be affected only by rotational positioning of the forearm. According to these postulates, we conclude that sensory input originated from the muscles or joints related to forearm rotation alters the excitability of the corticospinal neurons distributing to these arm and hand muscles.
